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ABSTRACT
We study the structure of accretion disks around supermassive black holes in the radial range 30 ∼
100 gravitational radii, using a three dimensional radiation magneto-hydrodynamic simulation. For
typical conditions in this region of Active Galactic Nuclei (AGN), the Rosseland mean opacity is
expected to be larger than the electron scattering value. We show that the iron opacity bump causes
the disk to be convective unstable. Turbulence generated by convection puffs up the disk due to
additional turbulent pressure support and enhances the local angular momentum transport. This
also results in strong fluctuations in surface density and heating of the disk. The opacity drops with
increasing temperature and convection is suppressed. The disk cools down and the whole process
repeats again. This causes strong oscillations of the disk scale height and luminosity variations by
more than a factor of ≈ 3 − 6 over a few years’ timescale. Since the iron opacity bump will move to
different locations of the disk for black holes with different masses and accretion rates, we suggest that
this is a physical mechanism that can explain the variability of AGN with a wide range of amplitudes
over a time scale of years to decades.
Keywords: accretion, accretion disks — (galaxies:) quasars: supermassive black holes — magnetohy-
drodynamics (MHD) — methods: numerical — radiative transfer
1. INTRODUCTION
The standard model of geometrically thin, radia-
tively efficient accretion disks (Shakura & Sunyaev 1973;
Novikov & Thorne 1973) provides a good, observation-
ally tested, first-order model for the soft states of X-ray
binaries (both black hole and neutron star, e.g. Done
et al. 2007). Accounting for proper opacities and the
effects of irradiation, it has also been developed into a
testable model that successfully explains the outbursts
observed in dwarf novae and low mass X-ray binaries
(Lasota 2001). However, its application to bright ac-
tive galactic nuclei (AGN) and quasars, where the model
still predicts the existence of a geometrically thin disk,
has always been problematic (e.g. Koratkar & Blaes
1999; Antonucci 2013). Beyond the most basic pre-
diction of thermal emission in the ultraviolet (Shields
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1978; Malkan 1983), the model generally fails to provide
a good description of the far ultraviolet spectral energy
distribution (e.g. Shang et al. 2005; Laor & Davis 2014).
While it successfully predicts that shorter wavelength
optical/ultraviolet photons originate from smaller dis-
tances from the black hole than longer wavelength pho-
tons, consistent with the measured trends in continuum
reverberation mapping (Edelson et al. 2015) and mi-
crolensing campaigns (Morgan et al. 2010; Blackburne
et al. 2011; Mosquera et al. 2013), it is not consistent
with the absolute emission region sizes.
One of the most glaring observational discrepancies is
the extreme variability observed in what are now called
changing look quasars (e.g. Lawrence 2018 and refer-
ences therein). Optical emission from these sources are
observed to increase and/or decrease by factors of two
to ten on time-scales of a few years to a decade (e.g.
LaMassa et al. 2015; MacLeod et al. 2016; Ruan et al.
2016; Yang et al. 2018; Dexter et al. 2019), accompa-
nied by a resurgence and/or loss of the broad emission
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lines. These changing look AGNs appear to be the tail
of a continuous distribution of quasar properties where
the large amplitude variability is likely caused by phys-
ical processes in the disk (Rumbaugh et al. 2018; Luo
et al. 2020). However, this variability is far shorter than
the “viscous” time scale (required to move mass radially
from the outer edge of the disk to the inner region) of
the standard disk model, but is not inconsistent with the
thermal time scale (required to heat or cool the disk).
These two time scales differ by a factor of the square of
the ratio of the radius R to the local disk scale height H.
One possible resolution is therefore to suppose that the
actual accretion flow is geometrically thick H/R ∼ 1 in
the optically emitting regions, perhaps because of ver-
tical support by magnetic fields (Dexter & Begelman
2019).
The fact that the standard model of accretion disks
does such a poor job of explaining observations suggests
that one should look at ways in which AGN accretion
disks necessarily differ from their counterparts in X-ray
binaries and cataclysmic variables. One very important
difference is that accretion disks in bright AGN have
thermal pressures which are hugely dominated by radia-
tion pressure. Moreover, their ultraviolet temperatures
mean that they are subject to large opacities, the ef-
fects of which are to make radiation pressure forces even
stronger. One important aspect of this is the likely pres-
ence of line-driven outflows from the disk (Proga et al.
2000; Laor & Davis 2014).
But even within the Rosseland photosphere of the
disk, opacity effects can be extremely important. So-
phisticated one-dimensional models of the vertical struc-
ture of the disk generally exhibit density inversions due
to enhancements of Rosseland opacity with declining
outward temperature (see, e.g., Figure 9 of Hubeny et al.
2000). Such density inversions are also commonly seen
in one dimensional models of radiation pressure sup-
ported massive star envelopes (Joss et al. 1973; Paxton
et al. 2013), which have similar density and tempera-
ture conditions to AGN disks. The density inversion
can be either driven by the opacity peak due to hydro-
gen and helium ionization fronts as studied by Hubeny
et al. (2000), or the iron opacity bump around the tem-
perature 1.8× 105 K (Jiang et al. 2018). In this paper,
we focus on the hotter opacity bumps due to irons.
Density inversions due to the opacity peaks are of
course unstable, and simulations of these inversions
show considerable convective turbulence (Jiang et al.
2015). However, under conditions of moderate opti-
cal depth (optical depth per pressure scale height less
than the ratio of the speed of light to the gas sounds
speed), convective heat transport is inefficient and leads
to a porous structure with large density fluctuations
associated with shocks. Moreover, the time-averaged
structure still maintains a vertical density inversion.
The large density fluctuations can also trigger even
larger enhancements in opacity due to helium recom-
bination, possibly triggering bursty outflows in massive
stars (Jiang et al. 2018). AGN disks are generally ex-
pected to be in this low optical depth, rapid radiative
diffusion regime, and so similar behavior might be ex-
pected.
Accretion disks are considerably more complex com-
pared to stars, however, because of the coupling between
the thermal state of the disk and angular momentum
transport. The standard accretion disk model with an
α stress prescription proportional to total thermal pres-
sure is unstable to thermal and “viscous” instabilities
(Lightman & Eardley 1974; Shakura & Sunyaev 1976).
Modern radiation MHD simulations of MRI turbulence
appear to confirm the thermal instability (Jiang et al.
2013; Mishra et al. 2016), although it can be stabilized
if the disk is largely supported by magnetic rather than
thermal pressure (Sa´dowski 2016). Local shearing box
simulations show that stability can also be achieved un-
der AGN conditions by the iron opacity bump (Jiang
et al. 2016).
Local shearing box simulations of MRI turbulence in
white dwarf (Hirose et al. 2014; Coleman et al. 2018;
Scepi et al. 2018) and protostellar (Hirose 2015) accre-
tion disks show that convection can significantly enhance
magnetorotational (MRI) turbulence. It seems reason-
able to expect that the opacity-driven convection from
unstable density inversions in AGN disks might also
lead to interesting variations in MRI turbulent stresses.
Large turbulent kinetic energy densities might also pro-
vide support against the vertical tidal gravity of the
black hole similar to what is found in massive stars
(Jiang et al. 2018).
In this paper, we report the results of an initial in-
vestigation of these opacity effects using global radia-
tion MHD simulations of AGN accretion disks. This
work builds on previous efforts to simulate the near-
black hole regions of AGN accretion disks, beginning
with super-Eddington flows (Jiang et al. 2014, 2019b;
see also Sa´dowski & Narayan 2016) and sub-Eddington,
magnetically supported flows (Jiang et al. 2019a). The
temperatures in these previous simulations were all too
high for the iron opacity bump to be present, and the
flux mean opacity was dominated by electron scatter-
ing. Here, using very similar initial conditions to those
in Jiang et al. (2019a), we simulate a region of the disk
further out from the black hole (beyond thirty gravita-
tional radii) where we achieve low enough temperatures
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that interesting opacity effects take place. The simula-
tions exhibit a high degree of variability in luminosity,
intermittent episodes of convection, and rapid and vari-
able radial diffusion of mass, which can all be traced to
the effects of variable opacity in these highly radiation
pressure dominated flows.
This paper is organized as follows. In section 2 we
briefly review the simulation methods and the physics
that is included, as well as the spatial grid and initial
conditions. We provide a detailed description of the
physical behavior exhibited in the simulation in section
3. In section 4 we discuss the potential applications of
our work to explaining observations of AGN, as well as
other accretion-powered sources, and we summarize our
conclusions in section 5.
2. SIMULATION SETUP
We solve the ideal MHD equations coupled with the
time-dependent, frequency-integrated radiative transfer
equation for intensities over discrete angles in the same
way as described in Jiang et al. (2019b). We use spher-
ical polar coordinates in Athena++ (Stone et al. 2020,
submitted) covering the radial range from 30rg at the
inner radial boundary to 1.2 × 104rg at the outer ra-
dial boundary, where rg is the gravitational radius of
the black hole. At each radius, the simulation domain
includes the whole sphere with polar angle θ ∈ [0, pi] and
azimuthal angle φ ∈ [0, 2pi). We are most interested in
the radial range around 50− 100rg where we anticipate
that the disk will have enhanced Rosseland opacity due
to the iron bump. We therefore do not extend the simu-
lation domain all the way down to the innermost stable
circular orbit (ISCO) to avoid the very small time step
that would be necessary to simulate these innermost re-
gions. The simulations we have done in the past covering
the inner ∼ 30rg do not show any interesting opacity ef-
fects because the density is too low and the temperature
is too high there (Jiang et al. 2019a). The effects of hav-
ing an inner boundary all the way to the ISCO will be
studied in future investigations.
2.1. Boundary and Initial Conditions
We used static mesh refinement to resolve the inner
disk near the midplane region. The root level has reso-
lution ∆r/r = ∆θ = ∆φ = 0.098 and we use four levels
of refinement with the finest level covering the region
(r, θ, φ) ∈ [30rg, 400rg]×[1.48, 1.66]×[0, 2pi), correspond-
ing to a resolution of ∆r/r = ∆θ = ∆φ = 6.1 × 10−3.
We use 80 discrete angles in each cell to resolve the an-
gular distribution of the radiation field. The simulation
is done for a black hole with mass MBH = 5×108M lo-
cated at r = 0. We use the Pseudo-Newtonian potential
(Paczyn´sky & Wiita 1980) φ = −GMBH/(r − 2rg) for
the black hole, which is actually pretty close to the New-
tonian formula in the radial range we simulate. Here G
is the gravitational constant, rg ≡ GMBH/c2 is the grav-
itational radius and c is the speed of light. For the inner
boundary condition at r = 30rg, we simply allow all gas
and radiation to flow inward but do not allow anything
to come out of the inner boundary. In particular, we are
neglecting any effects due to irradiation from the inner
disk inside 30rg in this simulation. For the outer radial
boundary condition at 1.2×104rg, we only allow gas and
radiation to leave the simulation box but do not allow
anything to come in.
We initialize the simulation with a rotating torus cen-
tered at 400rg. The inner and outer edges of the torus
are at 226rg and 1050rg respectively. For the entire re-
gion in which we are interested (inside ∼ 100rg), the
density is initialized to be the floor value (10−17 g/cm3)
in order to minimize the artifacts of the initial condi-
tion on the properties of the accretion disk. The torus
structure is the same as we used in Jiang et al. (2019b).
The initial temperature at the center of the torus is
3.96 × 105 K and it drops to 2 × 104 K at the in-
ner and outer edges. The ratio of radiation pressure
to gas pressure varies from 150 to 450 inside the torus.
We initialize the φ component of the vector potential to
be proportional to density and set other components to
zero. This results in a big loop of magnetic field initially
in the torus, which has a locally net poloidal component
through the midplane. The initial magnetic pressure
near the inner edge of the torus is about 70 times the
gas pressure and ∼ 10−3 of the radiation pressure. Due
to the limited simulation duration that we can afford to
do, only gas near the inner edge of the torus will have
enough time to flow towards the inner region and form
a disk with self-consistent structure.
2.2. The Opacity
For typical temperatures and densities in accretion
disks around supermassive black holes, the relevant
opacity is not dominated by electron scattering and
free-free absorption opacity as is commonly assumed in
classical accretion disk models for X-ray binaries (Jiang
et al. 2016). Instead, contributions from many lines in-
crease the effective continuum opacity significantly. Due
to the changing ionization states of different species,
the effective Rosseland mean and Planck mean opaci-
ties also show complicated dependencies on gas density
and temperature. This is potentially interesting as it can
drive hydrodynamic instabilities (Hearn 1972; Blaes &
Socrates 2003). To capture these opacities accurately,
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Figure 1. The Rosseland mean (solid) and Planck mean
(dashed) opacities used in the simulation as a function of gas
temperature for four different fixed densities ranging from
3.6 × 10−8 g/cm3 to 3.6 × 10−12 g/cm3, as indicated in the
legend. The Planck mean opacities are significantly larger
than the Rosseland mean values for T < 3× 105K.
we adopt the OPAL opacity table1 (Iglesias & Rogers
1996) for the Rosseland and Planck means. These opac-
ities are shown in Figure 1 as a function of temperature
for four different densities, assuming solar metallicity.
They are very similar to the opacities of protostellar
disks for T > 104 K (Zhu et al. 2019) and the envelopes
of massive stars (Jiang et al. 2015). Figure 1 shows that
the Planck mean opacity is typically orders of magnitude
larger than the Rosseland mean opacity for the temper-
ature range 104 ∼ 5×105 K. The enhancement in Rosse-
land opacity around T = 1.8× 105 K is the iron opacity
bump (Paxton et al. 2013; Jiang et al. 2015), while the
increase below 105 K is due to ionization of hydrogen
and helium. Note that the iron opacity bump is typi-
cally just a few times larger than the electron scattering
value, but we will show that this can have a dramatic
effect on the structure and dynamics of quasar accretion
disks. In the simulation, the opacity in each cell is cal-
1 The Planck mean opacity is from the TOPS opacity at this web-
site https://aphysics2.lanl.gov/apps/
culated with bilinear interpolation of the opacity table
based on local gas temperature and density.
3. RESULTS
We will describe our simulation results using the fol-
lowing set of fiducial numbers to scale all the quan-
tities: density ρ0 = 1.0 × 10−8 g/cm3, temperature
T0 = 2 × 105 K, gas pressure and energy densities
P0 = 2.77 × 105 dyn/cm2, length rg = 7.42 × 1013 cm
and velocity v0 = 5.26 × 106 cm/s. The fiducial time
unit is rg/c = 7.8 × 10−5 yr. Notice that for Keplerian
rotation, the orbital period at the inner boundary 30rg
is 1.03 × 103rg/c = 8.03 × 10−2 yr. The magnetic field
has the fiducial unit B0 = 2.64× 103 Gauss.
3.1. Simulation History
Representative snapshots of the azimuthally-averaged
poloidal distribution of density, as well as the distri-
bution of density and radiation energy density in the
equatorial plane, are shown in Figures 2 and 3. It is
immediately obvious that the density distributions un-
dergo significant, non-monotonic variability. The verti-
cal scale height of the disk goes through cycles of ex-
pansion and contraction, and radially narrow clumps of
density form, dissolve, and reform. This clump forma-
tion process often begins with the formation of a non-
axisymmetric (m = 2) density structure which generally
transforms into an axisymmetric ring before eventually
diffusing away. Note that this m = 2 density pattern is
not well-correlated with the radiation energy density in
Figure 3. At first sight these variations might appear
to be consistent with the predicted behavior of ther-
mal/viscous instabilities in radiation pressure, electron-
scattering dominated classical alpha disks (Shakura &
Sunyaev 1976). This would predict runaway heating
or cooling and also an anti-diffusion clumping process
(Lightman & Eardley 1974). However, the situation here
is more complex because both the clump formation and
the vertical expansion and contraction are episodes of
finite duration and always reverse.
Figure 4 shows the evolution of shell-integrated sur-
face mass density and shell-averaged (mass-weighted)
opacity as a function of radius and time. Enhancements
in surface density are clearly highly correlated with en-
hanced opacity over the electron scattering value. The
iron opacity bump is playing a critical role in driving
the density variability.
To see why, it is helpful to examine the evolu-
tion of various quantities at a particular radius. Fig-
ure 5 shows the evolution of various shell-averaged
pressures, energy densities and stresses, as well as
the opacity, at r = 50 gravitational radii. The tur-
bulent kinetic energy density is calculated as Ek =
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Figure 2. Poloidal distribution of azimuthally-averaged density at four representative epochs. The dashed black lines are the
location where the integrated Rosseland mean optical depth from the rotation axis is unity. The density is scaled with the
fiducial value ρ0 = 10
−8 g/cm3.
ρ
[
(vr − vr)2 + (vθ − vθ)2 + (vφ − vφ)2
]
/2, where vr, vθ
and vφ are the three velocity components and vr, vθ and
vφ are averaged values (mass weighted) along the az-
imuthal direction. The dominant form of thermal pres-
sure is radiation pressure, with gas pressure always be-
ing completely negligible. However, there are also sig-
nificant, and sometimes dominant, contributions from
turbulent kinetic energy density and magnetic pressure.
The temporal relationship of these quantities is shown
more clearly in Figure 6. After t = 50 × 104rg/c, the
pressures and energy densities form a repeating cyclic
pattern with large turbulent kinetic energy followed by
magnetic pressure followed by radiation pressure. These
cycles are clearly correlated with the opacity, with an
enhancement in opacity followed in time by an enhance-
ment in turbulent kinetic energy density. Figure 7 shows
how the three components of turbulent velocity (radial,
polar, and azimuthal) contribute to the turbulent kinetic
energy as a function of time. While MRI turbulence is
typically dominated by radial and azimuthal motions,
here the epochs of large turbulent kinetic energy den-
sity are dominated by polar (i.e. vertical in the disk
midplane regions) motions, with radial motions making
a secondary contribution. It is clear that these motions
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Figure 3. Density (top panels) and radiation energy density (bottom panels) distributions in the equatorial plane out to radius
100rg at the same four representative epochs as shown in Figure 2. The density is scaled with the same fiducial value ρ0 while
the radiation energy density is scaled with arT
4
0 with the fiducial temperature T0 = 2× 105 K.
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Figure 4. Evolution of shell-averaged surface mass density
(in unit of ρ0rg) and ratio of Rosseland opacity to Thomson
opacity (κes) as a function of radius (in units of gravitational
radius rg) and time (in units of 10
4GMBH/c
3 ≡ 0.78 years).
are due to vertical convection driven by the epochs of
enhanced opacity.
3.2. Opacity Driven Convection
Figure 8 shows the evolution of azimuthally-averaged
density, opacity, and specific entropy at radius 50rg, but
now also as a function of height (represented by the po-
lar angle θ near the disk midplane). This provides more
detail on why the opacity is driving convection: the cre-
ation of unstable vertical density inversions which are
buoyantly unstable (note the drop in specific entropy as
one enters the inversion from below). The formation of
these inversions is due to the presence of the iron opac-
ity bump. In an optically thick, radiation pressure sup-
ported disk, hydrostatic equilibrium requires the tem-
perature to drop vertically away from the midplane. If
the midplane is on the high temperature side of the iron
opacity bump, then opacity can increase vertically out-
ward, increasing the radiation pressure force for a given
vertical radiation flux. This can overcome the downward
gravitational force, requiring a large increase in density
in order to have a compensating gas pressure gradient
force to maintain hydrostatic equilibrium. This is ex-
actly the same thing that happens in one-dimensional
hydrostatic models of massive star envelopes, and these
density inversions trigger convection (Jiang et al. 2015).
If conditions are optically thick enough that the pho-
ton diffusion speed is much less than the sound speed in
the gas alone, then convection is efficient at transport-
ing heat and generally wipes out the density inversion.
However, when photon diffusion is fast, convection is in-
efficient and the density inversion can survive in a time-
averaged sense (Jiang et al. 2015). This is the regime in
which low density AGN accretion disks exist, which is
why we can still see the density inversions in Figure 8
in spite of the convective turbulence.
Very similar behavior to that present in massive star
envelopes is therefore happening here in AGN accretion
Convection in AGN Disk. 7
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Figure 5. (Top) Evolution of shell-averaged radiation pres-
sure (black), magnetic pressure (red), turbulent kinetic en-
ergy density (green) and gas pressure (blue) at radius 50
gravitational radii. These are all scaled with the fiducial
pressure unit P0 = 2.77× 105 dyn/cm2. (Middle) Evolution
of shell-averaged Maxwell stress Sm and Reynolds stress Sh
at the same radius. The Reynolds stress is smoothed over the
neighboring 100 data points to reduce noise. Both Sh and
Sm are scaled with P0. (Bottom) Evolution of shell-averaged
Rosseland mean opacity (scaled with the electron scattering
value) at the same radius.
disks. However, the situation is even more interesting
here, because the convection is also altering the MRI
dynamo and MRI stresses. Enhanced convective turbu-
lence can act to increase the magnetic energy density
and to enhance MRI stresses (Hirose et al. 2014; Scepi
et al. 2018), and this is evident in Figure 5: peaks in tur-
bulent kinetic energy are always followed by enhanced
magnetic energy and enhanced Maxwell stress. How-
ever, this increases turbulent dissipation of accretion
power, which therefore increases the temperature and
radiation pressure. Again, we are on the high tempera-
ture side of the iron opacity bump here, so as the shell-
averaged radiation pressure increases, the shell-averaged
opacity goes down. (Figure 8 shows that these changes
in shell-averaged opacity are reflected in the actual opac-
ities near the disk midplane during these epochs.) This
then shuts off convection, which reduces MRI turbulent
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Figure 6. History of the fluctuation components of the shell-
averaged radiation pressure (black), magnetic pressure (red),
turbulent kinetic energy density (green) and opacity (blue)
at r = 50rg. The fluctuation components are calculated as
the difference between the instantaneous values and the time
averaged values between 5× 105rg/c and 106rg/c.
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Figure 7. Evolution of shell-averaged turbulent kinetic en-
ergy due to radial, polar, and azimuthal motions at r =
50 gravitational radii.
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radii.
stress and dissipation, which in turn causes temperature
and radiation pressure to decrease, resulting in opacity
increasing again and launching another cycle of convec-
tion.
Maxwell stresses generally dominate angular momen-
tum transport in simulations of MRI turbulence, but
Figure 5 shows that here Reynolds stresses can also be
large, and even at times negative (i.e. driving inward
angular momentum transport). The negative Reynolds
stresses are only present during the epochs of enhanced
turbulent kinetic energy, i.e. when convection is peak-
ing. The nonaxisymmetric structures evident in Figure 3
probably contribute to the epochs of enhanced Reynolds
stress.
Figure 9 provides more detail on how convection is
affecting the magnetic field in the midplane regions of
the disk. Azimuthal field reversals are commonly ob-
served in vertically stratified simulations of MRI turbu-
lence (the so-called “butterfly diagram”; Brandenburg
et al. 1995; Davis et al. 2010; Hogg & Reynolds 2016)
and such field reversals are occuring here too. However,
they are happening on much longer time scales than the
usual ∼ 10 orbital period time scale (∼ 2× 104 rg/c at
r = 50rg). In fact, the polarity of the field maintains a
consistent sign during epochs of strong convection, with
∼ 10 orbital period field reversals happening only be-
tween the convective epochs, e.g. at ' 62 × 104rg/c
in Figure 9. This is exactly the behavior that is ob-
served in vertically stratified shearing box simulations of
MRI turbulence with convection (Coleman et al. 2017).
The poloidal component of magnetic field Bθ is also en-
hanced due to convection but with a random sign near
the disk midplane. It was this enhancement of vertical
field which was suggested to be the reason behind the
enhanced MRI turbulent stresses in strong convection
by Hirose et al. (2014).
3.3. Turbulent Pressure Support in the Disk
In accretion disks without strong convection, turbu-
lent pressure caused by the MRI turbulence is typically
much smaller than the thermal pressure. The disk is
usually supported against vertical gravity by gas pres-
sure, radiation pressure or even magnetic pressure (Hi-
rose et al. 2006; Begelman & Pringle 2007; Jiang et al.
2013, 2019a). However, as shown in Figure 5, the tur-
bulent kinetic energy density can be comparable to the
radiation pressure in this simulation, which is another
characteristic property of radiation pressure dominated
convection in the rapid diffusion regime (Jiang et al.
2015, 2018). Therefore, the kinetic term ρvv in the
momentum equation can in principle provide additional
support against gravity in the vertical direction. To
check this, we plot the time and azimuthally averaged
profiles of Pr, PB and ρv
2
θ along the θ direction at ra-
dius 50rg in Figure 10. The gas pressure is completely
negligible here and we neglect it. The gradient of ρv2θ is
Convection in AGN Disk. 9
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Figure 10. Time and azimuthally averaged vertical profiles
of radiation pressure (Pr), magnetic pressure (PB) and ki-
netic term (ρv2θ) at radius 50rg. The time average is done
between 4 × 105rg/c and the end of the simulation. All the
pressure terms are in unit of P0. The stair step pattern in
the profiles is due to prolongation of the data in the region
with lower resolutions.
Figure 11. Correlations between the shell averaged total
stress (Maxwell plus Reynolds) and radiation pressure at r =
50 gravitational radii for two oscillation cycles as indicated
at the top of each panel. Each data point is color-coded
according to the turbulent kinetic energy density. All the
variables are scaled with the fiducial pressure unit P0.
clearly much larger than the radiation pressure gradient
and it balances more than 75% of the gravitational force
near the disk midplane in this time-average.
This provides an alternative or additional explanation
as to why the stress is increased when convection is on
compared with the suggested mechanism proposed by
Hirose et al. (2014). Since the typical size of MRI tur-
bulent eddies in the disk is ultimately limited by the disk
scale height, the larger the disk scale height, the larger
the stress can be. This is also the original argument
of the α disk model (Shakura & Sunyaev 1973), where
the scale height is determined by the thermal pressure
and thus the stress is assumed to be proportional to the
thermal pressure. Here strong convection-driven tur-
bulent pressure can itself support the disk, allowing a
higher stress than we would expect from radiation pres-
sure alone. If we still calculate an effective α as the ratio
of stress and radiation pressure, it will be significantly
larger when convection is on.
3.4. Correlations between Stress and Pressure
As mentioned in the Introduction, a radiation pressure
supported accretion disk in the classical α disk model is
thermally unstable (Shakura & Sunyaev 1976), because
the total heating rate changes more rapidly with radia-
tion pressure (P 2r ) than the change of the total cooling
rate (Pr). Although the accretion disk structures we
find here, as well as the physics we are simulating, are
much more complicated than those in the α disk model,
it is still interesting to check how the stress varies with
the radiation pressure while intermittent convection is
operating in the disk.
The shell averaged total stress as a function of the
shell averaged radiation pressure at 50rg for two oscilla-
tion cycles (within the time intervals [5, 6.5] × 105 rg/c
and [6.5, 7.8] × 105 rg/c) is shown in Figure 11. Each
data point is color coded with the corresponding tur-
bulent kinetic energy density. When the disk oscillates,
the stress and pressure form closed loops in this plot.
When convection is active, as indicated by the large
turbulent kinetic energy density, stress increases rapidly
while Pr increases more slowly. This heating then re-
duces the opacity, turning off convection and decreasing
Ek. The stress then decreases while Pr continues to
increase further, presumably because of the dissipation
of the convective turbulent kinetic energy and magnetic
energy. Finally, both stress and Pr decrease at roughly
the same rate. This confirms that when convection is on,
stress follows turbulent kinetic energy density closely.
The heating rate increases more rapidly than the change
of the cooling rate and that is why the disk heats up.
When convection is off, the heating and cooling rate
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Figure 12. Space-time diagrams of the local mass ac-
cretion rate M˙ (top panel, in unit of the Eddington mass
accretion rate M˙Edd), and derivatives of the total stress
−r1/2∂ (r3S) /∂r. Negative and positive values of M˙ mean
inward and outward accretion correspondingly. Both S and
M˙ are smoothed over the neighboring 100 data points in time
to reduce the noise. The Eddington accretion rate is defined
as 10LEdd/c
2 with LEdd to be the Eddington luminosity.
have roughly the same dependence on the radiation pres-
sure. This is perhaps why the disk does not undergo a
runaway collapse during the phase when it cools down,
which is similar to what Jiang et al. (2016) found.
3.5. Radial Mass Diffusion and Clumping
With the assumption that angular momentum trans-
port is dominated by local turbulent stresses, the ver-
tically averaged equations of mass and angular momen-
tum conservation can be used to write an equation for
surface density evolution (Balbus & Papaloizou 1999):
∂Σ
∂t
= − 1
2piR
∂M˙
∂R
, (1)
where R is the cylindrical polar coordinate radius and
the accretion rate (assumed negative for inflow) is given
by
M˙ = −2pi
`′
∂
∂R
(R2WRφ). (2)
Here `′ is the radial specific angular momentum gradient
and WRφ is the vertically integrated turbulent stress.
In viscous or alpha-disk theory, these two equations
can be combined to give a radial mass diffusion equa-
tion (Lynden-Bell & Pringle 1974; Lightman & Eardley
1974), but we choose not to do that as it is the radial
gradients in stress that most clearly drive the clumping
of surface mass density observed in our simulation.
That this is so may be seen in Figure 12. The upper
panel shows a space-time plot of the shell-averaged mass
0.00 0.02 0.04 0.06
Σ
0.00
0.05
0.10
0.15
0.20
0.25
S
tr
e
ss
t/(104 rg/c) ∈ [65, 78]
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
E
k
Figure 13. Correlations between surface density Σ and shell
averaged total stress at r = 50 gravitational radii for the con-
vective cycle between [65, 78]× 104 rg/c. Each data point is
color coded with the corresponding turbulent kinetic energy
density.
accretion rate M˙ , and it is clear that radial gradients
of this quantity match very well the clumping pattern
observed in the surface density evolution in Figure 4, in
accordance with equation (1). Of course, this had to be
true as it merely tests mass conservation in Athena++.
Less trivial is equation (2), which relies on the as-
sumption that all angular momentum transport is done
through local turbulent stresses rather than non-local
processes (e.g. the spiral waves that are evident in Fig-
ure 3). If this is true, then a plot of −r1/2(∂/∂r)(r3S),
where S is the shell-averaged Maxwell plus turbulent
Reynolds stress, should resemble the pattern in accre-
tion rate. This is plotted in the lower panel of Figure
12, and does indeed approximately match the accretion
rate behavior shown in the upper panel.
It is therefore radial gradients in the turbulent stresses
that are largely responsible for the clumping. These ra-
dial gradients can be strong enough that mass can ac-
tually sometimes diffuse outward, as is evident in the
upper panel of Figure 12. Note from the bottom panel
of this Figure that clumping is occurring because there is
a radially local deficit of stress. Even though convection
enhances the stress overall, high opacity is actually an-
ticorrelated in time with stress in the convective cycles
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shown in Figure 5, and this produces the local deficit.
As convection kicks in and the stress is enhanced, and
the opacity drops, the clump diffuses away.
Note that the derivation of the pure “viscous” insta-
bility associated with electron-scattering and radiation
pressure dominated classical alpha-disk accretion mod-
els relies on an assumption of local thermal equilibrium
in order to derive an inverse relationship between stress
and surface mass density (Lightman & Eardley 1974).
This results in an effective negative diffusion coefficient
in the radial mass diffusion equation that results from
combining equations (1) and (2) (Pringle 1981). This
analysis can be generalized to include departures from
thermal equilibrium (Shakura & Sunyaev 1976), but the
coupling with varying opacity in the convective cycles
clearly makes things far more complicated here. We
have attempted to analyze the local behavior of stress
as a function of surface density, just as we did with stress
as a function of radiation pressure in Figure 11. There
are epochs where loops in such a diagram form and there
is some evidence of stress being inversely proportional
to surface density when there is no convection present,
e.g. the bottom of the loop in Figure 13 which shows
the cycle between [65, 78] × 104rg/c at r = 50rg. How-
ever, this inverse trend is broken by the onset of iron
opacity-driven convection, and this behavior is not al-
ways generic. It is therefore unclear that such a classical
analysis is appropriate in the presence of these complex
convective cycles.
3.6. Resolution
To check how well the MRI turbulence is resolved
during different phases of the oscillation cycles in the
simulation, we calculate the ratios between the wave-
length of the fastest growing MRI mode and the cell
sizes along the polar and azimuthal directions, i.e. the
quality factors Qθ and Qφ (Hawley et al. 2011; Sorathia
et al. 2012). These are widely used in non-radiative ideal
MHD simulations and indicate that MRI turbulence is
fully resolved when Qφ & 25, Qθ & 6 or both of them
are larger than 10. Following Jiang et al. (2019a) (sec-
tion 3.1), we also use them as a check for our radiation
MHD simulations. For the first representative snapshot
shown in Figure 2, Qφ stays around 40 near the disk
midplane for radii smaller than ≈ 55rg and then drops
to 11 inside the high density clump. Similarly, Qθ stays
around 7 until reaching the high density clump, where
it drops to 2. At time t = 8 × 105rg/c when the disk
expands, Qφ varies from 30 to 100 over the whole radial
range from 30rg to 100rg, while Qθ varies from 20 to
≈ 3. When the disk collapses at t = 6.5 × 105rg/c, Qφ
varies from 30 inside 45rg to 10 from 45rg to ≈ 100rg.
0.00
0.25
0.50
0.75
1.00
L
r
/
L
E
d
d
r ≤ 60rg
20 40 60 80
t/(104rg/c = 0.78 year)
0.00
0.25
0.50
0.75
1.00
L
r
/
L
E
d
d
r ≤ 80rg
Figure 14. History of the total luminosity Lr (scaled with
the Eddington luminosity LEdd) coming from the disk. The
top panel shows the luminosity if we only include the disk in-
side 60rg while the bottom panel shows the luminosity inside
80rg.
The averaged Qθ varies from 6 to 3 over the same radial
range. This suggests that MRI turbulence is reasonably
well-resolved in this simulation and we have the worst
resolution when the disk collapses, which is not surpris-
ing. Fortunately, the accretion does not stop during the
collapsing phase as the opacity-driven oscillation cycle
continues.
3.7. Lightcurve Variability
The disk oscillation cycles driven by the opacity also
cause the total luminosity coming from the photosphere
to vary significantly with time. The total luminosities in
the simulation emerging from radii inside 60rg and 80rg,
respectively, are shown in Figure 14. Normal MRI tur-
bulence without convection can cause the luminosity to
vary by a factor of ∼ 2 over the local thermal time scale.
Smaller amplitude variability over the local dynamical
time scale can also show up in the luminosity when the
optical depth across the disk is low enough (see Figure 1
of Jiang et al. 2019a). However, with convection driven
oscillations in the disk, the luminosity can vary by a fac-
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tor of ≈ 3 − 6 over the local thermal time scale, which
is roughly a few years in this radial range.
4. DISCUSSION
The time scale of luminosity variations depicted in
Figure 14 are remarkably consonant with those observed
in changing look quasars, and we also see amplitudes of
variation by as much as a factor of four. In addition, the
variations in scale height of the photosphere depicted in
Figure 8 occur on comparable time scales and will effect
the ability of this region of the disk to intercept and
reprocess radiation from the very inner disk, as well as
shadow larger radii of the disk.
The typical variability time scale driven by convec-
tion is determined by the local thermal time scale at
the radial range where the iron opacity bump is located.
Since the thermal time scale is roughly related to the
local dynamical time scale by 1/α, the variability time
scale will change when the iron opacity bump moves to
different radii for different black hole masses and mass
accretion rates. For a fixed mass accretion rate in Ed-
dington units, the disk temperature will typically de-
crease with increasing black hole mass at fixed r/rg.
This means the iron opacity bump, which is roughly at
a fixed temperature around 1.8×105 K, will move closer
to the black hole. At the same time, the local dynami-
cal time scale will also increase linearly with black hole
mass for a fixed r/rg. The combination of the two ef-
fects makes the thermal time scale at the location where
the iron opacity is located very insensitive to the black
hole mass. In fact, for the classical inner accretion disk
in the Shakura & Sunyaev (1973) model, the disk mid-
plane temperature scales as T ∝ (r/rg)−3/8M−1/4, and
is even independent of the accretion rate. This then
gives a thermal time scale for fixed midplane tempera-
ture independent of both black hole mass and accretion
rate, though it is very sensitive to the temperature of
the iron opacity bump as well as the alpha parameter:
tthermal ∝ α−2T−4. Real accretion disks will be more
complicated than this classic model, as we have tried to
demonstrate here. Even so, this suggests that the rapid
luminosity variation time scales that we have found in
this one simulation may be quite common across many
AGNs. However, the amplitude of variability driven by
this mechanism may depend on the mass accretion rate
and black hole mass when the iron opacity bump moves
to different radii from the central black hole. When it is
further away from the black hole and when the surface
density is smaller due to lower accretion rate, we expect
the variability amplitude will get smaller. This is per-
haps one reason why changing look AGNs only make up
10 percent of the quasar population.
AGN variability has been widely parameterized with
stochastic models such as the Auto-Regressive Moving
Average (ARMA) approach (Kelly et al. 2009, 2014;
Moreno et al. 2019). Such modeling provides valuable
information on the physical properties of the disk such
as the typical timescales associated with the variabil-
ity. Although the lightcurve from our simulation is still
very preliminary and only extends over a short period of
time, we have tried ARMA modeling of the luminosity
as well as the history of magnetic energy density from
the simulation using the statsmodels package (Seabold &
Perktold 2010). A lower order ARMA(2,1) model can fit
the simulation data very well. Both luminosity and mag-
netic energy density have the rise timescale of variability
around one year. But the variability amplitude for mag-
netic energy density is larger. This preliminary fitting
demonstrates that the simulation data shares some sim-
ilar stochastic properties to observed AGN lightcurves
and it might therefore be possible to constrain the phys-
ical properties of the observed system. However, more
detailed comparison is beyond the scope of this paper
and will be studied in the future.
Note from Figure 1 that all the effects we have been
discussing in this paper are driven by small (factors of
3 − 5) enhancements in the Rosseland opacity over the
electron scattering value in the iron opacity bump. This
is of course due to the huge dominance of radiation pres-
sure over gas pressure in quasar accretion disks, so that
even small variations in opacity can have enormous con-
sequences. We assumed solar abundances for our simu-
lation, whereas AGN accretion disks are likely to have
significantly supersolar metallicities (Fields et al. 2007;
Arav et al. 2007). The variability amplitude driven by
convection will likely increase with larger metallicity for
a given black hole mass and accretion rate, which can
be compared with observed properties of AGNs (Jiang
et al. 2016).
One dimensional models of cooler annuli further out
in the disk can themselves exhibit density inversions
(Hubeny et al. 2000). Those inversions are due to ioniza-
tion transitions of hydrogen and helium, as the models
of Hubeny et al. (2000) did not include any metals. It
is possible that the convective effects we have explored
here also happen in these regions of the disk, though if
anything they are likely to be more dramatic, as is the
case in massive stars when hydrogen and helium opacity
effects come into play (Jiang et al. 2018).
The convective cycles we have observed here share
many similarities to those observed in stratified shear-
ing box simulations of local patches of disks in cata-
clysmic variables (Hirose et al. 2014; Coleman et al.
2017; Scepi et al. 2018; Coleman et al. 2018) and pro-
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tostellar disks (Hirose 2015). This includes the inter-
mittency of convection2 and the enhanced stresses and
persistent magnetic polarity during epochs of convec-
tion. This is the first time that these effects have been
confirmed in a global simulation. However, this is in
a very different regime of radiation pressure dominated
flows, and the enhanced vertical support caused by the
convective turbulence itself may be a contributing factor
to the enhanced stresses. This possible new mechanism
for convection-driven enhancement of turbulent stresses
cannot explain the enhanced stresses observed in shear-
ing box simulations of gas-pressure dominated disks (Hi-
rose et al. 2014; Hirose 2015; Scepi et al. 2018; Coleman
et al. 2018). There the turbulent kinetic energies were
always much less than the thermal pressure, and did not
contribute significantly to vertical support of the disk.
In fact, convective epochs typically had smaller vertical
scale heights than radiative epochs. The large turbulent
kinetic energies which are present here are due to radi-
ation pressure dominated convection in a regime where
the photon diffusion speed is larger than the gas sound
speed.
In fact, we also observe such supersonic convection
in this regime in massive star envelopes (Jiang et al.
2018). In that case, the energy source for these super-
sonic motions is the flow of heat from the core of the
star. The turbulent velocity is much smaller than the
radiation sound speed deep in the star and can become
comparable to the local radiation sound speed near the
photosphere. This is possible because the pressure scale
height is ≈ 20% of the stellar radius and the size of the
turbulent eddies are comparable to the background ra-
diation pressure scale height. A buoyant fluid element
accelerated in the deeper regions can reach a velocity
comparable to the local radiation sound speed when it
moves to a larger distance. For the case of accretion
disks, the energy driving convection ultimately arises
from the accretion power. As we have shown in Figure
12, the effects of convection are also not strictly local in
radius, as radial mass motions result from the change of
angular momentum transporting stresses. The convec-
tion is therefore able to tap into the free energy stored
in differential rotation, and reach supersonic velocities.
We have not explained the formation of the m = 2
nonaxisymmetric density structures that are evident
in Figure 3. One possibility is that when a surface
density peak is formed in a localized radial range as
shown in Figure 4, the disk is potentially subject to the
Rossby wave instability, which has been widely stud-
ied for protoplanetary disks (Lovelace et al. 1999; Li
et al. 2001; Lyra & Mac Low 2012). This instability
can create vortices and excites high frequency waves
and even spiral density structures in the disk. Lovelace
et al. (1999) show that the sufficient condition for the
Rossby wave instability is that the the inverse potential
vorticity multiplied by the entropy function S, which is
S2/ΓΣ/ (∇× v)z, has a local maximum as a function of
radius in the disk. Here Γ is the adiabatic index. It is
currently unclear how this instability criterion can be
generalized to the radiation pressure dominated regime
with realistic 3D structures as in our simulation. Never-
theless, we checked this criterion using Γ = 4/3 and the
radiation entropy per unit mass. Indeed, this function
does show a local maximum at the location where the
high density clump is located. In fact, this function al-
ready shows local extrema before the density clumps and
spiral patterns can be clearly seen in the disk as shown
in Figure 3 and 4. We will leave the detailed study of
Rossby wave instability in AGN disks for future studies.
But this suggests that it is one possible mechanism to
explain the nonaxisymmetric structures we have found
in the simulation.
A major caveat of our simulation is that it is so ex-
pensive that we can only afford to run the simulation
for a few thermal timescales for the inner ∼ 60rg. The
time-averaged mass accretion rate is not a constant as
a function of radius, which is necessary if the disk is in
steady state. This could either be because the simula-
tion time is not long enough, or a steady state disk is
simply not possible when convection driven oscillation
are operating. We hope to investigate this further with
future calculations of longer duration.
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